The response of exponentially growing Desulfovibrio vulgaris Hildenborough (DvH) to pH 10 stress was studied using oligonucleotide microarrays and a study set of mutants deleted in genes suggested by microarray data to be involved in alkaline stress response. These data showed that the response of D. vulgaris to increased pH is generally similar to E. coli, but apparently controlled by unique regulatory circuits since the alternative sigma factors (sigma S and E) contributing to this stress response in E. coli appear to be absent in D. vulgaris. Genes previously reported to be up-regulated in E. coli were up-regulated in D. vulgaris, including three ATPase genes and a tryptophan synthase gene. Transcription of chaperone and protease genes (ATP-dependent Clp and La proteases, and DnaK) were also elevated in D. vulgaris. As in E. coli, genes involved in flagella synthesis were down-regulated. The transcriptional data also identified regulators, distinct from sigma S and E, likely part of a DvH-specific stress response system. Characterization of a study set of mutants deleted in genes implicated in alkaline stress response confirmed a protective involvement of sodium/proton antiporter NhaC-2, tryptophanase A, and two putative regulators/histidine kinases DVU0331 and DVU2580.
Introduction
Sulfate reducing bacteria (SRB) are ubiquitous in nature and play an important role in global carbon and sulfur cycling. Their habitat range includes freshwater, marine and hyper saline aquatic systems, cold oceanic sediments, the deep subsurface, hydrothermal vents, and hot springs (11, 26, 35) . Although long thought to be relatively restricted in catabolic range, this functionally defined assemblage is now recognized to be remarkably versatile. SRB mediate the degradation of aromatic compounds once thought to be refractory to anaerobic degradation, including benzene (1, 3, 8, 22, 23) and reduce a variety of metals including radionuclides (19, 23, 35) . For these reasons they have also been studied for possible utility in the bioremediation of environments contaminated with organic and metal pollutants.
Desulfovibrio vulgaris Hildenborough is one of the better characterized of SRB. This
Gram-negative Deltaproteobacterium, isolated 60 years ago from clay soil in Hildenborough, Kent (United Kingdom) has served as one of the principal models for resolving the physiological and genetic basis of sulfate respiration. The recent completion of its genome sequence (13) has enabled genome-wide expression studies (5, 27, 13, 36, 37) that are now beginning to resolve its adaptive response to changing environmental parameters. Although this information is essential for predicting its behavior in possible applications to bioremediation, information about the range of conditions that support D. vulgaris growth or survival remains scarce.
Alkaline environments are common in nature (e.g., alkaline ground waters, lakes, intestinal segments of some higher organisms) and in sites contaminated by human activity (29) .
There are some data documenting the presence of SRB in alkaline environments (2) , but there is little known about specific adaptive mechanisms of these bacteria or even whether mechanisms common to better characterized organisms such as Escerichia coli and Bacillus subtilis are used by SRB. Adaptive strategies used by other microbes include: i) increased proton pumping by ATP synthase; ii) increased metabolic acid production through amino acid deaminases and sugar fermentation; iii) changes in cell surface properties; and iv) increased expression and activity of monovalent cation/proton antiporters (9, 29, 33) . Among these strategies, monovalent cation/proton antiporters are thought to play a central role in alkaline pH homeostasis in many bacteria (29) .
In order to better resolve similarities and differences in the adaptation of Desulfovibrio species, we used genome-wide transcription profiling to characterize the response of Desulfovibrio vulgaris to an upshift in the pH of its growth medium. Adaptive mechanisms suggested by transcriptional analysis were then examined by characterizing a study set of mutants deleted in genes implicated in the alkaline stress response. Together these analyses revealed a response system mechanistically similar to better-characterized species.
Material and Methods
Cell growth and pH upshift conditions. D. vulgaris was grown in LS4D medium supplemented with lactate and sulfate (13, 27) . Medium pH was adjusted to 10 by addition of KOH when the culture reached late exponential growth phase (ca. 0.4 OD 600 ). After 30, 60, 120 and 240 min of incubation, during which time the pH remained between 9.8 and 10.1, the cells were harvested for RNA isolation. To test the growth rate of mutants at different pH values, cells were grown in B3 medium (containing per liter, 0.1g NaCl, 0.1g of MgCl 2 •6H 2 0, 0.1g CaCl 2 •2H 2 0, 0.5g NH 4 Cl, 0.1g KCl, 1.4g of Na 2 SO 4 , 1g of Na 2 S, 0.001g of resazurine, 1ml of 1M K 2 HPO 4 , 1ml of trace minerals, 1ml of Thauer's vitamins, 1ml of 1M cysteine and 1ml of 1M Na 2 S. The following buffering agents were used: 25 mM sodium bicarbonate for pH 7; 50 mM Tris for pH 7.5; 8.0, and 50 mM glycine for pH 8.0 and 9.0. In all media 50 mM lactate and 40 mM sodium sulfate were used.
Analytical methods. The concentrations of organic acids (lactate, pyruvate, acetate, formate and fumarate) and inorganic ions (sulfate, phosphate) in culture media were determined using a Dionex 500 system equipped with an AS11HC column. In some cases the concentrations of organic acids were also measured on an HPLC equipped with a HPX 78 (Bio-Rad) column.
Hydrogen concentrations were determined with a RGD2 Reduction Gas Detector (Trace Analytical) with 60/80 MOLE SIEVE 5A column (6' X 1/8'') with N 2 as carrier gas.
Mutant construction. Bacterial mutants and strains are listed in Table 1 . The deletion mutant JW381(ΔnhaC-2) was constructed through marker exchange with a mutagenic plasmid as described elsewhere (4) . Primers used for the mutagenic plasmid construction were: 5'-TATGGCAGATGTCAATGC CGAAGT-3', 5'-AAGACTGTAGCCGTACCTCGAATCTAATGTAGGCTCCAGTGGCCGA-3' (for the upstream region) and 5'-ACGGCTTCCACGTCAACTATCTCA-3', 5'-AATCCGCTCACTAAGTTCATAGACCGTAGGGAAGGGCTACCTGAG GC-3 (for the DNA region downstream of the gene). The kanamycin resistance marker replacing nhaC-2 is also flanked by sequence bar codes unique to this deletion, with 5'-GCCGACAGAGCTTGAGATA-3' at the promoter proximal end of Kan marker and 5'-AGCCTGGAACAGCTATACAC-3' at the distal end.
Insertion mutant JW391 was constructed using plasmid pMO391 bearing spectinomycin resistance gene ( Sp R ). pMO391 is pCR ® 8/GW/TOPO ® (Invitrogen) with an internal tnaA (DVU2204) fragment from D. vulgaris that was used to create an insertional mutation of tnaA through homologous recombination. Primers used for the strain construction were: tnaA350Fd (5'-ACA AGC CCG TCT TCA TCT CCA ACT-3') (forward) and tnaA1273Rv (5'-TGT AGT CCA TGT GGT CGT TGG TGT-3'(reverse). The transposon mutants were generated by conjugation between D. vulgaris and E. coli BW20767 (pRL27) (19) . The conjugation procedure was a modification of the method of Fu and Voordouw (12 The concentrated cells were placed onto filter discs (0.22 µm pore diameter, GSWP, Millipore Billerica, MA) and the discs were placed on the surface of solidified LS4 (LS4D with 1%
[wt/vol] yeast extract added) and incubated for sixteen hours at 34°C. Then the cells were washed from the membrane with 2ml LS4 medium. After six hours of incubation, antibiotic G418 (400 µg/ml) was added to select for the transposon mutants and nalidixic acid (200 µg/ml) was added to select against the E. coli donor. Then cells were spread onto LS4 agar (100 -500 µl/plate) with both antibiotics. The plates were incubated in the anaerobic chamber at 34°C for at least four days to allow the colonies to grow. The chromosomal localization of the transposon insertions was identified by sequencing DNA after semi-random PCR amplification. For semirandom PCR, a variation of a protocol described by Chun et al. (7) was used. One microliter of a 50-µl boiled single-colony suspension in distilled H 2 O was used as the template DNA in a 20-µl PCR mixture containing primer tpnRL17-1 (5'-AAC AAG CCA GGG ATG TAA CG-3') (19) and either primer CEKG 2A (5'-GGCCACGCGTCGACTAGTACN10AGAG-3'), CEKG 2B
(5'-GGCCACGCGTCGACTAGTACN10ACGCC-3'), or CEKG 2C (5'-GGCCACGCGTCGACTAGTACN10GATAT-3'). Total RNA extraction, purification, and labeling were performed independently on each cell sample using previously described protocols (5, 13) . Briefly, total cellular RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA) following the manufacturer's protocol.
RNA extracts were purified according to the RNeasy Mini Kit (Qiagen Valencia, CA)
instructions and on-column DNase digestion was performed with the RNase-free DNase Set (Qiagen) to remove genomic DNA contamination according to the manufacturer's procedure.
Labeling of cDNA targets from purified total RNA was carried out using the reverse To hybridize a single glass slide, the Cy5-dUTP-labeled cDNA probes obtained from stressed or unstressed cultures were mixed in equal amounts with the Cy3-dUTP-labeled genomic DNA (5, 27) . After washing and drying, the microarray slides were scanned using the ScanArray Express microarray analysis system (Perkin Elmer). The fluorescent intensity of both the Cy5 and Cy3 fluorophores was analyzed with the software ImaGene version 6.0 (Biodiscovery, Marina Del Rey, CA).
Microarray analysis. Arrays were scanned using the scanning laser confocal fluorescence microscope of the ScanArray® Microarray Analysis System (GSI Lumonics), and hybridization signal intensities were quantitated using the software of ImaGene™ (Biodiscovery). Statistical analysis of the microarray data was performed using ArrayStat (for
Results and Discussion
General features of the physiological and transcriptional response to elevated pH.
Initial studies examined the general physiological response of D. vulgaris to an abrupt increase in pH (Fig. 1 ). Lactate consumption stopped immediately following the pH shift, as did production of the metabolites, hydrogen and acetate (Fig. 1C) . However, viable cell numbers remained constant during the two-hours following the shift ( these genes demonstrated the highest increase in expression at all time points (log 2 R from 0.54 to 3.7 and average log 2 R=~2) and a tendency to increased levels of expression at 240 min of stress (cluster 22) or were moderately up-regulated (average log 2 R =~ 1) at all time points (cluster 19), as determined by the K-means cluster analysis (see Tables 2 and S2 ). In addition to increased transcription of the gene encoding L-aspartate oxidase, a number of genes involved in amino acid synthesis and metabolism were also consistently up-regulated.
Tryptophan synthase subunits A and B (DVU0471, DVU0470) and other members of the tryptophan operon (DVU0460-469) were slightly or moderately up-regulated (Table 4) suggests that D. vulgaris employs multiple components of amino acid metabolism for survival at high pH (Table 4 ).
The integrity of the cell envelope is also challenged at elevated pH. Changes in the expression of several genes involved in cell wall and membrane biogenesis were differentially expressed following the increase in the pH of the growth medium. Increased transcription of a gene encoding the heptosyltransferase family protein (DVU1446), involved in the synthesis of the inner core region of lipopolysaccharide, was a notable example ( Table 2) . One of the most highly up-regulated genes associated with cell envelope structure was fabZ (DVU2368), Multiple genes associated with energy generation and electron transfer reactions showed increased expression at elevated pH. For instance, DVU0692, DVU0693, and DVU694 were significantly up-regulated after 30 min of pH stress. These were previously annotated as subunits of a molybdopterin oxidoreductase of unknown specificity. Analysis of amino acid sequences predicted that the proteins encoded by DVU0694 (the first gene in the operon) and DVU0692 contain two and ten transmembrane helices, respectively. Since they both also contain putative signal peptide sequences, it is likely that together they comprise a membrane bound protein complex. The transcription of several other genes predicted to be involved in energy generation and electron transfer reactions also increased. These included genes in cluster 2 encoding the large subunit of the periplasmic NiFe hydrogenase isozyme 2 (DVU2526) and the Fe-S subunit of glycolate/lactate oxidase (DVU3028). In addition, genes for formate dehydrogenases (DVU0587, DVU0588, DVU2481 and DVU2482), thiosulfate reductase (DVU0179) and CO-induced hydrogenase (DVU2286-2291) were moderately up-regulated.
Together these trends suggested a redirection of electron flow from sulfate reduction to unknown electron acceptors, possibly to maintain cytoplasmic redox status during the stress.
A number of genes showing differential expression during alkaline pH stress code for proteins of unknown function (Table 2) . BLAST analysis did not reveal any homologous proteins in publicly available databases. Thus, their possible role in surviving at high pH is obscure. Among the genes most highly up-regulated following 240 min at pH 10 were DVU3300 and DVU3301 (log 2 R = 3.70 and 3.57, correspondingly). These most likely comprise an operon containing two additional genes, DVU3298, DVU3299, that were also up- vulgaris. This gene was previously shown to be up-regulated with salt stress (27) . A second (DVU3082) was up-regulated two fold at 120 min and 240 min of alkaline pH exposure. This gene was previously shown to be up-regulated with acid stress but unaffected by other stressors so far examined for D vulgaris. The third (DVU1884), up-regulated two fold after 240 min of alkaline pH, was previously shown to be also up-regulated with heat shock and nitrate stress (5, Two additional genes annotated as histidine kinases (DVU0331 and DVU2580) were also up-regulated in response to elevated pH. Mutants constructed for these two genes, JW3011 and JW3024, demonstrated increased sensitivity to elevated pH (Fig. 2) . Since the genes encoding these kinases are proximal to genes for cell wall biogenesis, they may also be part of a more general D. vulgaris response to cell envelope stress ( Fig. 5 and 6 ).
Genes transiently up-regulated during exposure to high pH. Thirty two genes demonstrated a more complex pattern of expression change following adjustment to pH 10 -greatest expression was observed at 30 min , followed by a relative decrease at 60 min, and increasing again at 120 min (cluster 18 Table S2 ). Since, most of these are located in chromosomal segments containing phage-related genes, this pattern of expression may reflect a response system specific to phage biology.
Genes down-regulated during exposure to high pH. There were 57 genes significantly down regulated (cluster 4, log 2 R from -1.5 to -3.6 and average log 2 R=~ -2) and 100 genes moderately down regulated (cluster 21, average log 2 R =~ -1) during the pH 10 stress (Table 3 and S2). The most highly down-regulated gene at 240 min was DVU2725, coding for a membrane protein of unknown function. It is located within the cluster of the phage-related genes and demonstrates high homology (48%) to a gene from Chromobacterium violaceum ATCC 12472 which is also located in a phage gene cluster. The down regulation of 28 genes annotated as phage or transposon related suggests that control of their expression is an important aspect of the D. vulgaris stress response (Table 3) .
Genes for peptidyl-prolyl cis-trans isomerase (DVU2569, log 2 R= -1.4 --1.8), FKBPtype protein-L-isoaspartate O-methyltransferase (DVU1849, log 2 R= -1.2 --1.4); and peptidylprolyl cis-trans isomerase B-2 (DVU1873, log 2 R= -0.8 --1.3) were found to be moderately down regulated with alkaline stress. All three proteins are involved in cell wall biosynthesis, and observed changes in their expression may reflect a pause in cell growth and (or) adaptive changes in cell wall composition to the stress. In addition, some energy production and central metabolism genes were consistently down-regulated, including pyruvate carboxylase (DVU1834, log 2 R= -1.4 --1.8), B 12 binding domain protein/radical SAM domain protein (DVU3016, log 2 R= -1.5 --2.1), desulfoferredoxin (DVU3183, log 2 R= -1.0 --1.2); ferredoxin II (DVU0305, log 2 R= -1.5 --1.9), and L-lactate permease family protein (DVU2451, log 2 R= -1.1 --1.8).
The hupD gene (DVU1923, log 2 R= -0.6 --1.6) for hydrogenase expression/formation was down regulated after 240 min of pH 10 stress.
Relationship to other microorganisms and alternative stress response systems. The model shown in Figure 7 draws upon the data presented in this study to provide an overview of the response D. vulgaris to alkaline stress. The observed increase in expression of genes for
ATPase synthase and the Na + /H + antiporter NhaC-2 serves to attenuate alkalinization of the cytoplasm via increased proton import, and is similar to the response of E. coli and other bacteria (20, 25, 29) . Similarly, a decrease in expression of flagellar genes and presumptive acidification of the cytoplasm via increased expression of genes involved in amino acid metabolism are also shared responses. Increased expression of several genes for proteins potentially involved in energy generation or electron transfer reactions was also observed. These included genes for a formate dehydrogenase, a molybdopterin oxidoreductase, cytoplasmic coo-hydrogenase and a periplasmic NiFe hydrogenase. These latter changes may be part of a more general strategy to retain a cellular redox state necessary to sustain cellular functions when lactate consumption and sulfate respiration are repressed.
Although growth was arrested at pH 10, the cells remained metabolically active, as assessed by rescue in culture and a complex transcriptional response during the period of exposure. As part of this response there appeared to be a modification of the cell envelope, indicated by a modulation in the expression of genes involved in cell wall biosynthesis. Some genes in this category showed decreased expression, whereas others were up-regulated. We anticipate that ongoing studies of the cellular proteome and membrane composition will better elucidate the character and possible function of any changes in membrane structure. Log 2 gene expression ratio at minutes after pH was changed vs control at the same time ND -expression was not detected * phage and transposon related and co-localized genes Table 4 . Gene expression profile of selected genes involved in amino acid biosynthesis and metabolism 
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